Viral infection during pregnancy is often associated with neuropsychiatric conditions. In mice, exposure of pregnant dams to the viral mimetic poly(I:C), serves as a model that simulates such pathology in the offspring, through a process known as Maternal Immune Activation (MIA). To investigate the mechanism of such effect, we hypothesized that maternal upregulation of Type-I interferon (IFN-I), as part of the dam's antiviral response, might contribute to the damage imposed on the offspring. Using mRNA sequencing and flow cytometry analyses we found that poly(I:C) treatment during pregnancy caused reduced expression of genes related to proliferation and cell cycle in the offspring's microglia relative to controls. This was found to be associated with an IFN-I signature in the embryonic yolk sac, the origin of microglia in development. Neutralizing IFN-I signaling in dams attenuated the effect of MIA on the newborn's microglia, while systemic maternal administration of IFNβ was sufficient to mimic the effect of poly(I:C), and led to increased vulnerability of offspring's microglia to subsequent stress. Furthermore, maternal elevation of IFNβ resulted in behavioral manifestations reminiscent of neuropsychiatric disorders. In addition, by adopting a "two-hit" experimental paradigm, we show a higher sensitivity of the offspring to postnatal stress subsequent to the maternal IFNβ elevation, demonstrated by behavioral irregularities. Our results suggest that maternal upregulation of IFN-I, in response to MIA, interferes with the offspring's programmed microglial developmental cascade, increases their susceptibility to postnatal stress, and leads to behavioral abnormalities.
Introduction
Viral infections during pregnancy increase the risk to the offspring of developing neuropsychiatric disorders, such as schizophrenia, autism, and bipolar disorders [1] [2] [3] [4] [5] [6] [7] . To date, the mechanisms underlying such effects of maternal viral infections, which result in delayed-onset disorders, have not been fully elucidated.
One of the common animal models used to study maternal viral infection outcomes is based on induction of maternal immune activation (MIA) by exposing the dam during pregnancy to the viral mimetic poly(I:C) [8] . MIA includes upregulation of inflammatory cytokines [4, [9] [10] [11] [12] , such as interleukin-6 (IL-6) that was shown to induce behavioral deficits in the offspring and to elicit changes in gene-expression in their brains [11, 13, 14] . In addition, MIA causes upregulation of interferon beta (IFNβ) and interferon alpha (IFNα), members of the Type-I interferon (IFN-I) family [9, 15, 16] , the first line of defense against viral infections in mammals [17, 18] ; yet, their possible contribution to the etiology of the offspring's disorders is still unclear.
An alternative model that was suggested as an explanation for the etiology of neuropsychiatric disorders is the Two-hit model, whereby two "hits" are required for the offspring disorder; a first "hit", which occurs during prenatal life (such as MIA) disrupts the offspring's CNS development, thereby increases the vulnerability to a second "hit", which might occur later in life and would lead to the onset of disorder. In many cases the second "hit" could be an environmental factor such as psychological stress [19] [20] [21] [22] . Specifically, early life stress was found in humans as a risk factor that increases vulnerability to neuropsychiatric disorders, and in animal models, maternal separation paradigms are commonly used to study the outcomes of early life stress [23, 24] .
Since microglia, the resident myeloid cells of the brain, play a vital role in development, and throughout life in homeostasis and pathology [25] [26] [27] , they might participate in the processes leading to neuropsychiatric conditions. During development, microglia shape neuronal circuits by elimination of synapses [28] [29] [30] and by supporting and regulating neurogenesis [31, 32] . In homeostasis, microglia engage mainly in immune surveillance [33] , while during pathology, the microglia become rapidly activated, secrete various cytokines, engage in phagocytic activity, regulate astrocyte pathogenic activity [34] , and can promote repair by secreting growth factors [35, 36] .
Microglia are regulated by various factors within the central nervous system (CNS) microenvironment [37] . Among them are transforming growth factor beta, which is important for shaping the fate of microglia during development [38] and tightly controls their transcription profile in response to inflammatory signaling [39, 40] , methyl-CpG binding protein 2, which regulates microglial response to inflammatory stimuli [41] , and interleukin-4, which stimulates microglial proliferation and modifies their inflammatory reaction following acute injury [42] . IFNβ is another important regulator of microglia, and was shown to modify and affect microglial inflammatory responses. As such, IFNβ was shown to reduce microglial-mediated inflammation following spinal cord injury [39] and to promote interleukin-10 production following activation of toll-like receptor (TLR)-3 combined with TLR-2/4/9 [43] . However, prolonged phosphorylation of signal transducer and activator of transcription 1, a protein of the IFN-I cascade, leads to microgliopathy [44, 45] , and overexpression of IFNβ in the CNS, as occurs in ageing, induces an ageing-related microglial phenotype that is associated with cognitive impairment [46] . Involvement of immune cells, such as the Th17 population, in promoting an autistic-like phenotype following MIA was shown [4] ; nevertheless, the role, if any, of microglia in contributing to the neuropsychiatric pathologies is still subject of debate [47] [48] [49] . Several studies that have linked defects in neuronal circuits, such as neuronal excitability and synaptic regulation, to neuropsychiatric disorders [50] [51] [52] [53] [54] , suggest an active role for microglia in these pathologies [55] .
Here, we hypothesized that the maternal elevation of IFN-I, in response to viral infection or viral mimetics, adversely affects the offspring's microglia and behavior, which are also manifested with increased sensitivity to stressful conditions. We found that following MIA with poly(I:C), the newborn offspring showed reduced microglial proliferation, which was accompanied by an IFN-I signature. Furthermore, systemically blocking maternal IFN-I signaling decreased the effect of poly(I:C), while systemic maternal elevation of IFNβ was sufficient to reduce microglial proliferation in the newborn and to increase the vulnerability of the offspring's microglia to postnatal stress. In addition, maternal elevation of IFNβ led to behavioral abnormalities in the offspring, and increased their sensitivity to postnatal stress. Overall, this study identifies IFN-I as an important regulator of the fate of microglia in early development, and as a factor that can induce neuropsychiatric-related behavior.
Materials and methods
Animals C57BL/6J, interferon α/β receptor 1 knockout (IFNARKO) [56] and CX3CR1-GFP mice [57] were used. Females were mated at the age of 2-6 months. Newborn (postnatal day 0; P0) pups were treated as described (see below). For behavioral studies the mice were kept in a reverse light-dark cycle (lights off: 9:00-21:00). Animals were supplied by the Animal Breeding Center of the Weizmann Institute of Science. All animals were handled according to the regulations formulated by the Institutional Animal Care and Use Committee.
Maternal immune activation (MIA)
Timed mating was performed to obtain embryos at defined time points after conception. Females with vaginal plugs were determined as pregnant at embryonic day 0.5 (E0.5). Females were intravenously (i.v.) injected on embryonic day 14.5 (E14.5) with a single dose of 5 mg/kg poly(I:C) (Sigma-Aldrich, Rehovot, Israel) dissolved in PBS, or an equivalent volume of PBS as a control. The dose of poly(I:C) was determined according to Meyer et al. 2008 [58, 59] . The injection volume was 5 ml/kg.
Maternal treatment with antibodies
On E13.5, pregnant females were i.v. injected with a single dose of 400 µg anti-IFN receptor 1 (αIFNAR; MAR1-5A3 [60] , Bio X Cell, NH, USA) or control IgG (IgG1; MOPC-21, Bio X Cell, NH, USA) in 150 µl PBS. After 1 day, on E14.5, the treated females were injected with poly(I:C) or PBS, as described above.
Maternal treatment with interferon beta (IFNβ)
On E14.5, pregnant females were i.v. injected with a single dose of 22,700 U [61] or 45,400 U recombinant mouse IFNβ (PBL Assay Science, NJ, USA) dissolved in 100 µl vehicle (PBS supplemented with 0.1% FCS), or an equivalent volume of vehicle as a control.
Maternal treatment with interferon gamma (IFNγ)
On E14.5, pregnant females were i.v. injected with a single dose of 5000 U [62] recombinant mouse IFNγ (R&D systems, MN, USA) dissolved in 100 µl vehicle (PBS supplemented with 0.1% FCS), or an equivalent volume of vehicle as a control.
Maternal treatment with tumor necrosis factor alpha (TNFα)
On E14.5, pregnant females were i.v. injected with a single dose of 2.7 × 10 5 U (1 μg) [63] recombinant mouse TNFα (R&D systems, MN, USA) dissolved in 100 µl vehicle (PBS supplemented with 0.1% FCS), or an equivalent volume of vehicle as a control.
Maternal separation (MS)
The protocol was performed as described [24, 64] with small modifications. In brief, cages were randomly assigned to either MS or nonseparated control groups on the day of birth (P0). In the MS group, pups were separated daily from the dam for a period of 3 consecutive hours randomly during the light phase, from P1 to P14. The dam was first removed from her homecage and placed in a separate cage. All pups were then taken to another room, removed from their homecage and placed separately in small cages filled with clean bedding. Immediately afterwards the dam was returned to her homecage. After the 3 h separation period, the dam was again placed in a separate cage, then all the pups were returned to their homecage, immediately followed by the dam. The control group was left unattended with the dam in the homecage. During the protocol, all the cages were maintained and handled as regularly done in the animal facility.
Marble burying
The behavioral test was performed to assess repetitive behavior [65, 66] . Twenty glass marbles were placed in an arena sized 25 × 30 cm with 40 cm high walls, filled with clean bedding to a height of 3 cm. The mouse was placed in the arena for 30 min in a dimly-lighted room. Data were recorded using the EthoVision XT 11/14 automated tracking system (Noldus Information Technology). For analysis, the number of buried marbles was counted every 5 min. Marbles that were exposed after being buried were counted as buried. The investigator was blind to the identity of the animals throughout the experiments. Data were analyzed and codes were opened by a member of the team who did not perform the behavioral tests.
Elevated plus maze
The exploration activity was measured to assess anxietyrelated behavior [67] . The mouse was placed in a plus shaped arena elevated 70 cm above the floor, in a lighted room. The sizes of the arms were 30 × 5 cm, while two of them were walled (15 cm high). The mouse was allowed freely to explore the arena for 5 min. Data were recorded using the EthoVision XT 11/14 automated tracking system (Noldus Information Technology). Time spent in the arms and the distance that the animal covered were measured. The investigator was blind to the identity of the animals throughout the experiments. Data were analyzed and codes were opened by a member of the team who did not perform the behavioral tests.
Social preference
The social behavior of mice was assessed in the threechamber arena [68] . The arena (60 × 40 cm, 22 cm high walls) is comprised of three chambers of equal size with transparent plexiglass walls. The procedures were conducted in a dimly-lighted room; during the first trial, the mouse was allowed to freely explore the arena for 10 min of habitation, while concurrently, a stranger mouse was placed in a different enclosure, for habituation, inside a cylinder cage (8 × 13 cm) with bars that allow interaction. Subsequently, the tested mouse was guided to the center chamber, while the passages to the side chambers were blocked by opaque partition walls. The stranger mouse and a novel object were placed in each side-chamber of the arena, each inside a cylinder cage. The partition walls were then removed, and the tested mouse was allowed to freely explore the arena and the objects for 10 min. Time spent exploring each object was manually scored using EthoVision tracking system XT 14 (Noldus Information Technology), and percentage exploration of the stranger mouse (social preference) was calculated for each animal, by the formula: Percentage stranger exploration = ((stranger mouse exploration time)/(stranger mouse exploration time + novel object exploration time)) × 100%. The investigator was blind to the identity of the animals throughout the experiments. Data were analyzed and codes were opened by a member of the team who did not perform the behavioral tests.
Open field arena
The exploration activity was measured to assess anxietyrelated behavior [69, 70] . The mouse was placed in an 90 × 90 cm arena located in a lighted room, and allowed to freely explore for 10 min. Data were recorded using the EthoVision XT 14 automated tracking system (Noldus Information Technology). Time spent in arena center and total distance covered by the animal were calculated. The investigator was blind to the identity of the animals throughout the experiments. Data were analyzed and codes were opened by a member of the team who did not perform the behavioral tests.
Y-maze
Spontaneous alternation behavior was recorded in a Y-maze to assess short-term memory performance [71] . The apparatus was a symmetrical Y-maze; each arm measured 50 × 10 cm, with 40 cm high walls. Mice were placed in the maze, in a dimly-lighted room, and allowed to freely explore for 5 min. Data were recorded using the EthoVision XT 14 automated tracking system (Noldus Information Technology). Arms were arbitrarily labeled A, B, and C, and the sequence of arm entries was used to assess alternation behavior. An alternation was defined as consecutive entries into all three arms. The number of maximum alternations was therefore the total number of arm entries minus two, and the percentage of alternations was calculated as (actual alternations/maximum alternations) × 100. For example, for arms referred to as A, B, and C, if the mouse performed ABCABCABBAB, the number of arm entries would be 11, and the successive alternations: ABC, BCA, CAB, ABC, BCA, and CAB. Therefore, the percentage of alternations would be [6/(11 − 2)] × 100 = 66.7% [72] . The investigator was blind to the identity of the animals throughout the experiments. Data were analyzed and codes were opened by a member of the team who did not perform the behavioral tests.
Flow cytometry and cell sorting
Newborns (P0), P15 offspring, and dams (negative control group) were transcardially perfused with PBS; brains were dissected and stripped of choroid plexi. Newborn brains were striped of the meninges and cerebellum as well. Single-cell suspensions were achieved using software-controlled sealed homogenization system (Dispomix®, Medic Tools; Miltenyi) in PBS. For density gradient separation, the pellet was mixed with 40% Percoll and centrifuged at 800 g for 20 min at room temperature. For newborn's microglial Ki67 experiments, single-cell suspensions, following the density gradient separation, were taken for fixation and permeabilization using Cytofix/Cytoperm (BD Biosciences) for 20 min at 4°C, and washed gently with BD-perm buffer (BD Biosciences). Next, samples were blocked with Fc-block CD16/32 (BD Biosciences, San Jose, CA) in the presence of 20% donkey serum (10 min at 4°C), stained and analyzed on a FACS-LSRII cytometer (BD Biosciences) using BD FACSDIVA (BD Biosciences) and FlowJo (FlowJo, LLC) software.
For newborn's microglia sorting experiments, single-cell suspensions, following the density gradient separation, were blocked with Fc-block CD16/32, and stained. CD11b int C-D45 int or CD11b int CD45 int CX3CR1 + microglia were sorted with SORP-aria (BD Biosciences, San Jose, CA) into 80 μl of Lysis/Binding buffer (Invitrogen).
For intracellular TNFα detection in microglia of P15 pups, single-cell suspensions, following density gradient separation, were incubated with DMEM (Biological Industries) supplemented with 5% FCS, 1 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and Golgistop (1:1000; BD Biosciences) for 3 h at 37°C, to enable expression of intracellular cytokines, and to prevent their extracellular secretion. Cells were washed, fixed, permeabilized, and stained for surface and intracellular proteins, using Cytofix/Cytoperm kit, according to the manufacturer's instructions.
The following antibodies were used: BV421-conjugated CD45 (1:150), APC-conjugated CD11b (1:200), PEconjugated Ki67 (1:150), PE-conjugated CX3CR1 (1:150), APC-conjugated Ly6C (1:150), BV711-conjugated CX3CR1 (1:150), and PE-conjugated TNFα (1:50; all from Biolegend Inc.), and PE-conjugated isotype control Rat IgG1 (1:50; BD Pharmingen).
Immunofluorescence
Mice were transcardially perfused with PBS before tissue excision and fixation. Tissue processing and immunofluorescence analysis were performed on paraffinembedded, sectioned (6 μm thick) mouse brains. The following primary antibodies were used: rabbit anti-IFNAR1 (1:50; Abcam), biotinylated-goat anti-GFP (1:150; Abcam), and rabbit anti-IBA1 (1:150; Wako). Secondary antibodies were Cy2-conjugated streptavidin (1:150; Jackson ImmunoResearch), Cy2-conjugated donkey anti-rabbit (1:150; Jackson ImmunoResearch), and Cy3-conjugated donkey anti-rabbit antibodies (1:200; Jackson ImmunoResearch).
A Nikon Eclipse 80i fluorescence microscope was used for microscopic analysis. The fluorescence microscope was equipped with a digital camera (DXM 1200F; Nikon) and with 20× NA 0.50 and 40× NA 0.75 objective lenses (Plan Fluor; Nikon). Recordings were made using acquisition software (NIS-Elements, F3).
Prior to quantification, slices were coded to mask the identity of the experimental groups, and cell intensity was quantified by an observer blinded to the origin of the sample, using Fiji software (ImageJ 1.51w; NIH); the "IntDen" parameter with threshold detection of 94-255 was used to quantify intensity. Five representative images from different depths in the brain were used to calculate the average fluorescence intensity per mouse. Representative images were cropped, merged, and optimized using Photoshop CS6 13.0.1 (Adobe), and were arranged using Illustrator CC 17.0 (Adobe).
RNA purification and library preparation
mRNA was captured with 12 µl of Oligo(dT) Dynabeads (Life Technologies), washed, and eluted at 70°C with 10 µl of 10 mM Tris-Cl (pH 7.5). RNA-seq was performed as previously described [73] and DNA libraries were sequenced on an Illumina NextSeq 500 or HiSeq with an average of 4 million aligned reads per sample.
RNA-sequencing (RNA-seq) processing and analysis
RNA-seq of newborns following treatment was compared with controls. For the RNA-seq analysis shown in Fig. 1 , we analyzed our previous data from Matcovitch-Natan et al. 2016 [74] . The RNA-seq reads were aligned to the mouse reference genome (NCBI 37, mm9) using TopHat v2.0.13 with default parameters [75] . Duplicate reads were filtered if they aligned to the same base and had identical UMIs. Expression levels were calculated and normalized for each sample to the total number of reads using HOMER software (http://homer.salk.edu) with the command "analyzeRepeats.pl rna mm9-d [sample files]count 3utr-condenseGenes" [76] .
Using Microsoft Excel we focused on genes with mean expression above noise (set at 64), that were differentially expressed (with 1.5-fold differential, log fold change = 0.585) between the means of the groups (two-tailed Student's t test, P < 0.01).
Gene ontology (GO) associations [77, 78] were determined using GOrilla [79, 80] , to which gene symbols of significantly increased or decreased genes (as a target set) and a complete gene list (as a background set) were imported. Interferon related genes were determined using "interferome" [81] .
RTqPCR
Pregnant females at E15.5 were transcardially perfused with PBS, and yolk sacs were extracted. Total RNA was extracted with the RNeasy kit according to the manufacturer's instructions (Qiagen). RNA was reverse transcribed using the high capacity cDNA reverse transcription kit (Applied Biosystems), amplified using SYBR green I Master Mix (Roche), and detected by StepOnePlus (Applied Biosystems), in duplicates. Results were normalized to the expression of the housekeeping gene, peptidylprolyl isomerase-A (PPIA), and then expressed as percent change relative to the control sample. The following primers were used:
ppia forward, 5′-AGCATACAGGTCCTGGCATCTT GT-3, and reverse, 5′-CAAAGACCACATGCTTGCCAT CCA-3′; cx3cr1 forward, 5′-CTTCCCATCTGCTCAGGAC-3, and reverse, 5′-ACAATGTCGCCCAAATAACAG-3′; cd45 forward, 5′-CTATGAGCAATACCAGTTCCTC-3′, and reverse, 5′-GGACGGACACAGTTAGCA-3′; cd11b forward, 5′-TTCAGCAAGCCAGAACCC-3′, and reverse, 5′-CTCAGAATTAGCAGGAAAGATGG-3′; ifnβ forward, 5′-GAATTCGACGTCGGTACCTC-3′, and reverse, 5′-AGGGAACAGCTATGACCATGA-3′; irf3 forward, 5′-CTCTGTGGTTCTGCATGGG -3′, and reverse, 5′-TGTAGGAACAACCTTGACCA-3′; irf7 forward, 5′-CTTCAGCACTTTCTTCCGAGA-3′, and reverse, 5′-TGTAGTGTGGTGACCCTTGC-3′; irf9 forward, 5′-AACCCTCCCTAACCAACCAC-3′, and reverse, 5′-GGTTTACAACGCCATTGGTC-3′; ifit1 forward, 5′-CTTTACAGCAACCATGGGAGAG-3′, and reverse, 5′-TCCATGTGAAGTGACATCTCAG-3'; ifitm3 forward, 5′-CTGGTCCCTGTTCAATACAC-3′, and reverse, 5′-TTCCGATCCCTAGACTTCAC-3′; il-β forward, 5′-ACCTGTCCTGTGTAATGAAAGAC-3′ and reverse, 5′-TGGGTATTGCTTGGGATCCA-3′. tnfα forward, 5′-CCCTCACACTCAGATCATCTTCT-3′, and reverse, 5′-GCTACGACGTGGGCTACAG-3′; il-6 forward, 5′-TGCAAGAGACTTCCATCCAGTTG-3′ and reverse, 5′-TAAGCCTCCGACTTGTCAAGTGGT-3′.
Statistics
One or two-tailed Student's t tests were used, as indicated in the figure legends. *p < 0.05; **P < 0.01; ***p < 0.001. Cohen's d was calculated using the conventional formula. Sample sizes were chosen with adequate statistical power based on the literature and past experience, and mice were allocated randomly to experimental groups. Data were excluded only if one of the parameters of the samples was exceeding at least two standard deviations above/below average. Results are presented as mean ± s.e.m. In the graphs, y-axis error bars represent s.e.m. Statistical calculations were performed using GraphPad Prism software (GraphPad Software, San Diego, CA). 
Results
Offspring's microglia show reduced proliferation and a Type-I interferon signature following maternal immune activation In our paper by Matcovitch-Natan et al. 2016 [74] , we demonstrated an early maturation of newborn's microglia following MIA. The MIA was induced by injecting pregnant females, on embryonic day 14.5 (E14.5), with poly(I: C) (5 mg/kg) or PBS, as control (the paradigm used is schematically shown in Fig. 1a ). Since a viral infection, or administration of the viral mimetic poly(I:C), results in a general upregulation of inflammatory cytokines [4, [9] [10] [11] [12] , including IFN-I [9, 15, 16] , we envisioned that the effect of MIA on the newborn's microglia might involve IFN-I signaling. To investigate this, we further analyzed RNA-seq data from our previous paper derived from microglia of newborn mice following MIA [74] . We found 594 genes with highly divergent expression between the treated and control groups (190 downregulated and 404 upregulated; Fig. 1b , Supplementary Table 1 ). GO analysis [77] [78] [79] [80] revealed that newborn's microglia derived from the poly(I: C) group showed lower expression levels of genes related to cell cycle and proliferation (Fig. 1c) . In order to test whether the effect of MIA on microglia could be IFN-dependent, we analyzed the RNA-seq results using "Interferome", the database of IFN-regulated genes [81] . This analysis revealed that approximately two-thirds of the differentially expressed genes (384 genes) are regulated by Type I and II interferons, out of which the majority are genes affected by Type I interferon (Fig. 1d) . Specifically, the analysis showed that IFNβ had the greatest effect, compared with IFNα, on newborn's microglial gene expression following MIA (Fig. 1d) .
To confirm the RNA-seq results, we repeated the same MIA procedure and examined the newborn's microglia for protein expression of the proliferation marker Ki67 by flow cytometry (Fig. 1a , e-g). Microglia from the brains of the dams were used as a negative control, due to their negligible Ki67 expression ( Fig. 1e ). We found that a significantly lower percentage of microglia derived from offspring of poly(I:C)-treated dams expressed Ki67, as compared with the percentage of microglia derived from offspring of PBStreated animals ( Fig. 1f ). Cell quantification showed a trend toward a reduction in the total number of microglia following MIA (Fig. 1g ). These results demonstrated that MIA resulted in reduced proliferation of newborn's microglia.
Next, we assessed whether newborn's microglia could be affected by IFN-I produced by the dams in response to poly (I:C), as a possible mechanism underlying the effect of MIA ( Fig. 1b, d ). Accordingly, we checked, using immunofluorescence, whether newborn's microglia express IFN receptor 1 (IFNAR1). We found that CX3CR1 + microglia express IFNAR1 (Fig. 1h ), and thus could respond to IFN-I. These results show that MIA downregulates microglial proliferation, and that this effect might involve IFN-I signaling.
Maternal immune activation elicits a Type-I interferon response in the embryonic yolk sac
The results above led us to hypothesize that if the effect on newborn's microglia following MIA is mediated through maternal IFN-I, we might detect the IFN-I signature in the yolk sac, the source of microglial progenitors [82, 83] , at an early time point after the MIA. To this end, pregnant females were injected on E14.5 with poly(I:C) or PBS, and 24 h later, the embryonic yolk sac was excised and analyzed by RTqPCR ( Fig. 1i ). We detected increased expression levels of IFN-I-dependent genes [including IFN-β 1 (ifnβ), IFN regulatory factor 3 (irf3), IFN regulatory factor 7 (irf7), IFN regulatory factor 9 (irf9), IFN-induced protein with tetratricopeptide repeats 1 (ifit1), and IFN-induced transmembrane protein 3 (ifitm3)] following MIA (Fig. 1j) . Changes in other genes were detected as well, such as NF-kB-dependent inflammatory cytokines [interleukin 1 beta (il-1β), tumor necrosis factor alpha (tnfα), and interleukin 6 (il-6)] [84] and the myeloid markers cd45 and cd11b [85] (Fig. 1j) . These results revealed an IFN-I signature in the offspring at an early time point following MIA.
IFN-I is an important regulator of microglial proliferation
To get a deeper insight into the role of IFN-I during development, we tested whether IFN-I has a homeostatic role in regulating microglial proliferation, using IFNARKO mice [56] . We first compared the basal microglial proliferation in WT and IFNARKO offspring of nontreated dams. Analysis of Ki67 by flow cytometry revealed that a significantly higher percentage of IFNARKO microglia expressed the proliferation marker, as compared with the WT microglia ( Fig. 2a) . A trend toward an increase in total numbers of microglia was also detected (Fig. 2b) . These results suggested that IFN-I participates in the normal regulation of microglial proliferation, and raised the question of whether the newborn's microglial response to MIA would be different in the absence of IFN-I signaling. To this end, pregnant IFNARKO dams were exposed to poly(I:C) or PBS, and flow cytometry analysis for expression of the proliferation marker Ki67 by newborn's microglia was performed. We found that following MIA, a significantly higher percentage of IFNARKO newborn's microglia expressed Ki67, as compared with the PBStreated group (Fig. 2c) . Cell quantification showed a significant increase in total number of microglia, as well ( Fig. 2d ). RNA-seq of sorted IFNARKO newborn's microglia from poly(I:C) and PBS groups supported the flow cytometry results ( Fig. 2e, f) ; comparison of poly(I:C) to PBS IFNARKO newborn's microglia showed highly divergent expression of 405 genes (175 upregulated and 230 downregulated; Fig. 2e , Supplementary Table 2 ). GO analysis [77] [78] [79] [80] showed enrichment of genes related to proliferation and cell cycle in IFNARKO newborn's microglia following the poly(I:C) treatment, compared with the PBS group (Fig. 2f) . The results supported the possibility that IFN-I signaling is involved in regulating newborn's microglial proliferation in homeostasis. Notably, in the absence of IFN-I signaling, MIA caused an increase in proliferation of newborn's microglia, and thus elicited a response opposite to that in WT mice. These results further suggest that additional factors, beyond IFN-Ι, participate in regulating microglial proliferation, such as the NF-kB-dependent inflammatory cytokines, IL-1β, TNFα, and IL-6 ( Fig. 1j ), that might be masked in the presence of IFN-I signaling.
Maternal IFNβ signaling downregulates newborn's microglial proliferation
To validate the active involvement of IFN-I, elicited by the dams in response to MIA, in impairing newborn's microglia, we tested whether blocking IFN-I signaling prior to poly(I:C) treatment would mitigate the effect of MIA on newborn's microglial proliferation. For this purpose, we used antibodies to block the maternal-IFN-I signaling in WT dams. Specifically, pregnant C57 dams were injected 1 day prior to poly(I:C) treatment [on embryonic day 13.5 (E13.5)], with anti-IFN receptor 1 (αIFNAR; MAR1-5A3 [60] , 400 µg) or IgG (IgG1; MOPC-21, 400 µg), to allow efficient blockade before the MIA-induced IFN-I effect on the offspring (Fig. 1i, j) . Subsequently, the newborn's microglia were isolated and tested (Fig. 3a) . The control group was injected with IgG on E13.5 and with PBS on E14.5 (IgG-PBS group) to determine the basal levels of microglial proliferation and cell numbers (Fig. 3a) . Flow cytometry analysis of newborn's microglia for the proliferation marker Ki67 showed that maternal treatment with αIFNAR prior to MIA [αIFNAR-Poly(I:C)] diminished the negative effect of MIA on microglial proliferation, as compared with the group that was treated with IgG prior to the poly(I:C) [IgG-Poly(I:C); Fig. 3b ]. No changes in the total number of microglia were apparent (Fig. 3c) .
These results prompted us to examine whether maternal elevation of IFN-I could, by itself, mimic the effect of MIA on microglial proliferation in the offspring. Since our "interferome" analysis showed that IFNβ had the greatest effect among the IFN-I family members on newborn's microglial gene expression following MIA (Fig. 1d ), we decided to use this cytokine for our subsequent experiments. Pregnant dams were injected at E14.5 with IFNβ (22,700 U) [61] or vehicle, as a control (see Materials and Methods), and the microglia of newborn offspring were examined (Fig. 3d ). We first verified the signature of the maternal IFNβ treatment on the microglia of the offspring by RNA-seq. Analysis revealed 57 and 257 genes that exhibited at least 1.5-fold increased or decreased expression, respectively, in offspring of IFNβ-treated dams, compared with vehicle-injected controls ( Fig. 3e, Supplementary Table 3 ). We detected upregulation of various genes related to inflammation, IFN signaling, and the viral response (e.g., ctla2b, lmln, ddit4, and gpr65). Next, we assessed the proliferation of newborn's microglia by flow cytometry. A significantly lower percentage of microglia expressed Ki67 following maternal IFNβ injection, as compared with controls ( Fig. 3f ). No change in the total number of microglia was detected (Fig. 3g) . These results demonstrated that the mere maternal elevation of IFNβ was sufficient to induce an effect on the microglia of the offspring, which was manifested by their reduced proliferation.
Because other factors are likely involved in the regulation of the newborn's microglia (Figs. 1i, j and 2) , and in order to determine whether maternal IFNβ uniquely reduces their proliferation, we assessed the effect of additional cytokines. To this end, we injected pregnant dams at E14.5 with interferon gamma (IFNγ; 5000 U [62] ), a Type-II interferon member (Fig. 1d ), or with TNFα [2.7 × 10 5 U (1 μg) [63] ], an NF-kB-dependent inflammatory cytokine (Fig. 1j) . Analyses by flow cytometry reveled that maternal treatment with IFNγ did not elicit a change in percentage of newborn's microglia expressing Ki67 (Fig. 3h) , however, a higher number of microglial cells was observed (Fig. 3i ). Analyses of the newborn's microglia following maternal TNFα treatment, did not show any change in percentage of microglia expressing Ki67, nor in number of microglial cells (Fig. 3j, k) . These results suggest that although many factors could be involved in regulation of microglia, IFNβ seems to uniquely reduce their proliferation.
Elevated IFNβ during pregnancy imposes behavioral abnormalities in the offspring
The results above encouraged us to examine whether the prenatal exposure to IFNβ would have any effect on the behavior of the offspring at adolescence and adulthood ( Fig. 4, Supplementary Fig. 1 ). For this purpose, pregnant dams were injected on E14.5 with vehicle or a high dose of IFNβ (45,400 U) to elicit a strong response, and behavior of the offspring was assessed. Specifically, at the age of 1 month we evaluated the repetitive behavior and anxiety of the offspring using marble burying and elevated plus maze tests [66, 67] . At the age of 3 months the offspring were tested for sociability by social preference test [68] , and again by marble burying and elevated plus maze tests. At the age of 4 months the offspring were tested for anxiety by open field arena [69, 70] and for working memory by spontaneous alternation test in the Y-maze [71] (Fig. 4a ). Overall, we found different response of the sexes to the maternal IFNβ treatment. In female offspring, we found at the age of 1 month that the IFNβ group buried a significantly higher number of marbles in the first 5 min of the marble burying test, as compared with the control group (Fig. 4b) . At the age of 3 months, we found a significant reduction in social preference following maternal IFNβ treatment (Fig. 4c, d) , and at 4 months we found a significantly higher percentage of spontaneous alternation, compared with the control group (Fig. 4e) . In male offspring, we found at the age of 3 months, reduced exploration time of open arms in the elevated plus maze following maternal IFNβ treatment (Fig. 4f, g) . This was not due to reduced distance covered by the animals (Fig. 4h) . age of 4 months, we detected a trend toward reduced time spent at the center of the open field arena following the maternal treatment, which was not accompanied by change in total distance covered by the animals (Fig. 4i, j) . These results demonstrate that maternal upregulation of IFNβ is manifested by changes in behavior of the offspring with different characteristics in females and males.
Elevated IFNβ during pregnancy increases the vulnerability of the offspring and their microglia to postnatal stress Finally, we examined whether the exposure to the upregulated maternal IFNβ during pregnancy renders the offspring's microglia less resilient to stressful conditions. We envisioned that this would be in line with the "Two-hit" model of neuropsychiatric disorders, according to which two "hits" are required for the pathology to occur; a first "hit" during prenatal life disrupts the offspring's CNS development, thereby causes increased vulnerability to a second "hit", which might occur later in life and would lead to the pathological onset of disease [19] [20] [21] [22] . To this end, pregnant dams were injected on E14.5 with vehicle or a high dose of IFNβ (45,400 U) (first "hit"), and the newborn pups were subsequently subjected to a 2-week maternal separation (MS) protocol [on postnatal days 1-14 (P1-P14)] as a source of stress (second "hit"). Control groups were left with their mothers (Fig. 5a ). We tested whether microglia of offspring that were subjected to MS would show a stronger inflammatory response if the dams were first injected with IFNβ during pregnancy. For this, microglia were harvested from the pups on P15, and were analyzed by flow cytometry (Fig. 5b-g) and by immunofluorescence (Fig. 5h, i) to detect changes in their inflammatory and activation state. We started by measuring microglial TNFα expression by flow cytometry. To analyze the entire microglial population, including activated cells, we analyzed all the CD11b + CD45 + cells (Fig. 5b) . Most of the cells were CD11b int CD45 int , and thus mainly represented the microglial population. The effect of maternal IFNβ treatment on microglial TNFα expression was calculated as the expression ratio relative to the relevant vehicle-treated group (control or MS). In both control and MS groups, the microglial TNFα mean fluorescence intensity (MFI) was significantly increased in samples derived from pups of dams treated with IFNβ, relative to vehicle (Fig. 5c, d) . Calculations of effect size using Cohen's d showed an effect size of d = 0.9838 for the IFNβ treatment in the control groups, and an effect size of d = 2.71 for IFNβ treatment in the MS groups. To verify that the changes in TNFα occurred mainly in the microglia and were not due infiltration of monocyte-derived macrophages, expression of Ly6C and CX3CR1 was measured for the CD11b + CD45 + TNFα + cells (Fig. 5e ). We found that, on average, 99.19 ± 0.037% of the cells were Ly6C − CX3CR1 + , suggesting that TNFα was produced almost exclusively by microglia. In addition, we assessed microglial CD45 expression and found that following maternal treatment with IFNβ, the microglial CD45 MFI was higher only after MS, while expression in the control group remained unchanged (Fig. 5f) . The results were not accompanied by any changes in the total number of microglia (Fig. 5g ). Next, brains of the offspring from the MS groups (IFNβ and vehicle) were isolated, and analyzed using immunofluorescence to estimate microglial activation [86] . Analysis of IBA-1 immunoreactivity in hippocampi revealed increased expression in sections derived from brains of IFNβ-MS pups, as compared with the vehicle-MS group (Fig. 5h, i) . These results showed that maternal elevation of IFNβ increased the sensitivity of the offspringderived microglia to postnatal stress. Finally, we tested whether IFNβ exacerbates the effect of MS at the behavioral level. Offspring from the MS groups (IFNβ and vehicle) were examined with the same battery of tests as described above (Fig. 4a ). Overall, we found different responses of the sexes to the treatment, with the main effect in females Fig. 5j-n, Supplementary Fig. 2) . At the age of 1 month, female offspring of the IFNβ-MS group buried a significantly higher number of marbles within the first 5 min of the test, relative to the vehicle-MS group (Fig. 5j) . At the age of 3 months, IFNβ-MS female offspring showed a trend of burying a higher number of marbles, as compared with the vehicle-MS group (Fig. 5k ). Those females also demonstrated a trend of spending more time in the open arms of the elevated plus maze (Fig. 5l ), which may suggest increased risk-taking behavior, since they did not spend more time in closed arms, although they covered a significantly greater distance (Fig. 5m, n) . These results demonstrate that maternal elevation of IFNβ renders the offspring less resilient to stressful conditions.
Discussion
In this study, we found that MIA affects the offspring, at least in part, through a Type-I interferon-dependent response of the dam. Specifically, we found that MIA leads to a reduction in microglial proliferation in the newborn 
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the sensitivity of the microglia to postnatal stress. In addition, the maternal IFNβ treatment led to alterations in behavior of the offspring in adolescence and adulthood, and contributed to increased vulnerability of the offspring to stressful conditions. MIA, induced by poly(I:C), is a well-established model, characterized by late onset behavioral deficits associated with autism and schizophrenia [1, 4, 8] . Although some studies found epigenetic changes in brains of the offspring [87, 88] , the etiology and mechanisms forming the basis of this phenomenon are still unclear. Several studies examined changes in microglia of the pups following MIA by poly(I:C). In most cases, the activation state of microglia was assessed, but contradictory results have been reported; while some studies found increased microglial activation [55, [89] [90] [91] , others failed to observe similar changes [47-49, 92, 93] . Here, in order to study early effects of MIA, we used the poly(I:C) model and focused on early time points following the maternal treatment. We found reduced microglial proliferation in the newborn pups as a result of the maternal challenge.
During development, microglia undergo distinct developmental stages associated with the changing microenvironment of the CNS, whereas different perturbations could lead to deviations in the maturation program [74] . Our results, demonstrating reduced newborn's microglial proliferation following MIA, could indicate premature differentiation of the microglia and unsynchronized development relative to the rest of the CNS, which could manifest in neuropsychiatric pathologies.
One of the factors that could impair the developing embryo during maternal viral infection, is the maternal reaction to the virus. The antiviral response involves elevation of various inflammatory cytokines including IL-6, which was shown to induce endocrine changes in the placenta, leading to behavioral deficits in the offspring, and changes in gene-expression in their brains [11, 13, 14] . The antiviral maternal reaction also includes upregulation of IFN-I, the first line of defense against viral infections in mammals [17, 18, 94] . A recently published paper demonstrated that interferon receptor-1 (IFNAR) signaling, due to Zika virus infection during pregnancy, inhibits the development of the placenta and induces fetal resorption [95] .
Here, we used maternal poly(I:C) administration, one of the common rodent models for MIA, that mimics viral infection and was shown to upregulate inflammatory cytokines, including IFN-I [4, 9-12, 15, 16] . Our results, 1 day after the MIA, demonstrated a IFN-I signature at the yolk sac, the origin of microglia progenitors [82, 83] , and a subsequent regulatory effect of IFN-I on newborn's microglia. Moreover, we showed that systemic elevation of IFNβ in dams was sufficient to impair the newborn's microglial proliferation, and to increase the susceptibility of these cells to stress.
IFNβ was demonstrated to have a regulatory role in microglia; it was shown that microglia of mice deficient in IFN regulatory factor 7 (IRF7) or IFNAR exhibited increased expression of the C-X-C motif chemokine ligand 13 (CXCL13), in homeostasis, and to a greater extent, in response to viral encephalitis [96] . Moreover, our group previously showed that the microglial "phenotype-switch" in adulthood under injurious conditions is dependent on IFNβ signaling, and more specifically, on the transcription factor, IRF7 [39] . In addition, several studies described a negative effect of IFN-I/IFNβ on microglia in various cases, such as in systemic lupus erythematosus [97] , in ageing [46] , and when chronically elevated in adulthood [44, 45] .
IFN-I signaling was demonstrated in the past as an important factor in arresting the reaction of myeloid cells to inflammatory stimuli, such as that mediated by IFNα, IFNγ, and lipopolysaccharide (LPS) [98] . It was also suggested that IFN-I might be important during development for the regulation of cell proliferation and/or differentiation [99] , Fig. 5 Maternal elevation of IFNβ increases the vulnerability of the offspring and their microglia to postnatal stress. a Pregnant females were i.v. injected on E14.5 with IFNβ (45,400 U) or vehicle. On postnatal days 1-14 (P1-P14), pups of the "two-hit" group were subjected to a 2-week maternal separation (MS) protocol. Pups of the control group were left with their mother. On P15, microglia were harvested from the pups, and were analyzed by flow cytometry and immunofluorescence. Offspring of the "two-hit" group were assessed at adolescence and adulthood with the same battery of behavioral tests, as described (Fig. 4a) . b Flow cytometry gating strategy for offspring's microglia. c Flow cytometry analysis showing the effect of maternal IFNβ treatment on microglial TNFα expression (mean fluorescence intensity; MFI) as the ratio relative to the relevant vehicle-treated group (control or MS) (Control groups-Student's t test: t (one tailed) = 1.968, df = 14, *p = 0.0346, Cohen's d = 0.9838; MS groups-Student's t test: t (one tailed) = 5.018, df = 15, ***p = 0.0002, Cohen's d = 2.71). d Flow cytometry representative TNFα MFI of offspring's microglia. e Representative flow cytometry dot plot for microglial Ly6C and CX3CR1 expression. f Flow cytometry analyses showing the effect of maternal IFNβ treatment on microglial CD45 expression as the ratio relative to the relevant vehicle-treated group (control or MS) (Student's t test: t (two tailed) = 2.578, df = 15, *p = 0.021), and g normalized number of microglia (to 13,500 live-gate events). c-g Representative results of one of two independent experiments. n = 6-11 offspring per group. h Immunofluorescence analysis and i representative images showing increased IBA-1 expression in hippocampi following maternal IFNβ treatment in the MS groups (Student's t test: t (two tailed) = 4.507, df = 12, ***p = 0.0007). DG -dentate gyrus, CA1 -Cornu Ammonis 1. n = 7 offspring per group. Scale bar, 100 µm. j Number of buried marbles during the first 5 min of the marble burying test by 1-month-old female offspring of the MS groups (Student's t test: t (one tailed) = 1.895, df = 15, *p = 0.0388). k Number of buried marbles during the first 5 min of the marble burying test by 3-month-old female offspring of the MS groups (Student's t test: t (one tailed) = 1.596, df = 13, p = 0.0673). l Time spent in open arms (Student's t test: t (one tailed) = 1.651, df = 13, p = 0.0613), m in closed arms and n total distance (Student's t test: t (one tailed) = 3.906, df = 13, ***p = 0.0009) covered by 3-month-old female offspring of the MS groups in the elevated plus maze. n = 6-9 offspring of 3 dams per group. c, f-h, j-n Data are presented as means ± s.e.m but this hypothesis has never been substantiated. Here, we found that newborn offspring that lack IFN-I signaling (IFNARKO mice) had a higher percentage of proliferating microglia, and in the case of MIA, this percentage was further increased. These results imply that IFN-I signaling is important for normal development of microglia. Yet, additional factors might be involved in regulation of microglial proliferation in homeostasis and following maternal poly (I:C) challenge, that are masked in the presence of IFN-I signaling [9] [10] [11] [12] . Assessment of some of these factors, such as the Type-II interferon, IFNγ, and the NF-kB-dependent inflammatory cytokine, TNFα, revealed that they did not elicit the same unique effect on the newborn's microglia following maternal injection, as induced by maternal elevation of IFNβ. These results could explain, to some extent, differences in findings elicited by MIA using the viral mimetic poly(I:C) versus the bacterial endotoxin LPS, a toll-like receptor 4 ligand [100] ; LPS signaling induces a rapid production of NF-kB-dependent proinflammatory cytokines, while the production of IFN-I is delayed and in low levels [101] .
IFN-I/IFNβ signaling was shown to affect several aspects of brain pathology and behavior. On the one hand, chronic IFN-I signaling in the ageing brain was demonstrated to negatively affect the choroid plexus and brain function [102] . On the other hand, treatment of IFNβ was found to be beneficial in cases of multiple sclerosis [56, 103, 104] and to exert a protective therapeutic effect in a mouse model of cerebral ischemia [105] . Furthermore, IFN-I/IFNβ was shown to play a role in brain homeostasis, specifically in neurons. Neurons were found to maintain a homeostatic IFN-I level that is optimal for early control of viral infection [106] , while the lack of neuronal IFNβ signaling was shown to lead to defects in neuronal autophagy, to Lewy body accumulation, and to a Parkinson's disease-like dementia [107] . Here, we found that maternal IFNβ treatment led to behavioral alterations in adolescent and adult offspring that were manifested in a sex-specific manner. Specifically, we demonstrated that female offspring show a higher degree of repetitive behavior alongside reduced sociability, and that male offspring exhibit increased anxiety, all of which are hallmark symptoms observed in neuropsychiatric disorders, such as in autism-and schizophrenia-spectrum disorders [108] [109] [110] [111] [112] [113] [114] . The improved performance of female offspring in the spontaneous alternation test may suggest enhanced working memory of these mice, which was also reported in autism spectrum disorder patients [115, 116] . Furthermore, we also demonstrated exacerbated behavioral changes following MS in female offspring of mothers that were injected with IFNβ; these changes were characterized by increased repetitive behavior and reduced anxiety/increased risk-taking behavior. Although those behavioral manifestations are not the same as those observed following maternal treatment with IFNβ alone, the different outcome may reflect a different spectrum-related neuropsychiatric disease, such as mania [7, 117] .
Taken together, our results attribute a novel role to IFN-I in regulation of microglia during development, provided that its expression is well balanced; any deviation from the homeostatic level could affect their fate. Our findings further highlight that maternal upregulation of IFN-I, in response to viral infection, could be harmful to the developing offspring. Accordingly, monitoring maternal IFN-I during pregnancy, and specifically during the dam's illness, would allow timely therapeutic intervention to modulate IFN-I levels, and could thereby help prevent such pathologies in the offspring.
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